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ABSTRACT 


This  research  program  investigated  the  mechanics  of  thin  films  comprised  of  dense 
arrays  of  10-micron  high  Cu  and  Si  micro  and  nanosprings  fabricated  as  multifunctional 
compliant  interfaces  via  Glancing  Angle  Deposition  (GLAD).  The  Cu  spring  films  had  10  coil 
turns  and  were  deposited  with  2000  nm,  2400  nm,  2800  nm,  or  3200  nm  seed  spacing  on  Si 
wafers  as  well  as  on  unseeded  Si  substrates.  Larger  seed  spacing  resulted  in  Cu  springs  with 
larger  coil  diameter  and  larger  wire  thickness.  Compression  tests  were  conducted  with  stress 
amplitudes  between  5  MPa  and  50  MPa.  At  5  MPa,  the  compressive  stiffness  of  Cu  films  was 
between  184±2  and  353±15  MPa,  with  larger  values  corresponding  to  larger  seed  spacing. 
Notably,  the  Cu  spring  films  showed  no  permanent  deformation  until  20  MPa,  when  they 
experienced  only  2%  permanent  strain.  The  shear  stiffness  of  Cu  films  was  between  218±37 
and  322±85  MPa  with  unseeded  films  being  the  most  compliant.  Seeding  resulted  in  a  weaker 
interface  with  the  substrate,  while  unseeded  Cu  spring  films  had  significant  shear  strength 
averaging  16±0.9  MPa.  The  normal  and  shear  stiffness  values  of  Cu  spring  films  were  several 
orders  of  magnitude  smaller  than  bulk  Cu  and  they  could  be  designed  to  be  independent  of 
each  other,  as  opposed  to  bulk  Cu. 

Similarly,  10-micron  thick  Si  films  comprised  of  individual  springs  with  4  or  10  coil  turns 
and  seed  spacings  of  900  nm  or  1500  nm  were  subjected  to  tension/compression  and  shear.  At 
0.5  MPa  normal  stress,  the  Si  films  had  compressive  stiffness  between  26±0.4  and  44±0.9  MPa, 
while  the  permanent  strain  was  at  most  6.5%.  Compared  to  seeded  films,  unseeded  films  had 
quite  reduced  compressive  stiffness  but  equivalent  or  higher  shear  stiffness.  The  shear  stiffness 
of  the  various  types  of  Si  spring  films  was  between  7±0.6  and  27±7  MPa,  namely  ~4  orders  of 
magnitude  smaller  than  solid  Si.  Microscale  uniaxial  tension/compression  and  bending  tests  of 
individual  Si  springs,  carried  out  with  a  MEMS-based  apparatus,  provided  the  properties  of 
individual  springs:  Springs  with  4  coil  turns,  which  had  the  closest  resemblance  to  ideal  open 
coils,  exhibited  the  smallest  axial  stiffness  values,  between  10  and  35  N/m,  and  the  best 
agreement  between  film-level  stiffness  measurements  and  estimates  for  the  film  stiffness  based 
on  individual  spring  stiffness  data. 
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FINAL  TECHNICAL  REPORT 


The  objective  of  this  research  program  was  to  quantify  the  enhanced  compressive  and 
shear  mechanical  response  of  thin  films  comprised  of  Cu  and  Si  nanosprings,  fabricated  by  the 
method  of  Glancing  Angle  Deposition  (GLAD),  as  a  function  of  geometrical  spring  parameters 
(coil  angle,  and  coil  and  wire  diameters).  Furthermore,  the  mechanical  response  of  individual  Si 
nanosprings  was  quantified  under  tension/compression  and  bending  simulating  the  conditions  in 
which  individual  springs  would  be  loaded  inside  films.  The  two  data  sets  can  be  used  to  assess 
the  importance  of  mechanical  interactions  of  nanosprings  in  GLAD  films. 

This  Final  Progress  Report  is  divided  into  4  Sections.  The  first  Section  summarizes  the 
state  of  the  art  in  multifunctional  interface  films  and  provides  the  motivation  for  this  work.  The 
second  Section,  discusses  the  experimental  procedures  that  were  developed  in  the  course  of 
this  program  to  study  interfaces  comprised  of  springs.  This  is  followed  by  a  Section  on  Results 
and  Discussion,  and,  finally,  a  Section  on  Outlook  and  Future  Work  summarizes  important 
directions  in  this  field. 
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I.  MOTIVATION  AND  RATIONALE 


Novel  interface  materials  are  expected  to  provide  a  spectrum  of  functionalities,  such  as 
enhanced  thermal  and/or  electrical  conductivity,  resistance  to  interfacial  cracks,  high  interface 
compliance  between  materials  with  significantly  different  coefficients  of  thermal  expansion,  etc. 
To  this  effect,  a  variety  of  materials  have  been  explored,  such  as  forests  of  fibrils,  carbon 
nanotubes  (CNTs)  and  helices  [1],  Qu  et  al.  [2]  employed  films  of  vertically  aligned  CNTs  as 
interfaces  that  can  sustain  shear  strains.  A  drawback  of  such  films,  however,  is  their  weak 
adhesion,  which  can  be  somewhat  improved  by  compression  [3].  Similarly,  Tong  et  al.  [4] 
inserted  between  two  surfaces  a  film  of  vertical  multi-walled  CNTs  which  served  as  a  Thermal 
Interface  Material  (TIM),  namely  as  a  material  with  high  thermal  conductance.  The  initial  thermal 
conductance  was  ~105  W/m2K  and  increased  by  one  order  of  magnitude  by  after  bonding  the 
multi-walled  CNT  film  with  a  thin  film  of  indium  (In).  Kumar  et  al.  [5,6]  introduced  graphene 
nanopetals  on  the  surface  of  nanotubes  in  CNT  arrays,  which  increased  the  array  stiffness  by  at 
least  an  order  of  magnitude.  The  mechanical  compliance  and  recovery  upon  loading  could  be 
increased  by  growing  the  CNTs  in  a  helical  fashion,  thus  producing  coil-shaped  CNTs  [7-9]. 
Finally,  Shaddock  et  al.  [10]  employed  the  Glancing  Angle  Deposition  (GLAD)  method  to  directly 
deposit  compliant  interfaces  between  a  silicon  (Si)  surface  (e.g.  a  Si  microelectronics  chip)  and 
a  copper  (Cu)  film  (e.g.  a  Cu  heat  sink),  achieving  thermal  resistance  as  low  as  -0.01  cm2C/W, 
which  surpasses  in  performance  solutions  based  on  CNTs. 

GLAD  can  produce  thin  films  with  slanted,  straight,  or  helical  micro-  or  nano-elements 
[11-17]  by  controlling  the  deposition  parameters,  such  as  the  rotation  speed  of  the  substrate,  the 
deposition  rate,  the  angle  between  the  target  and  the  substrate,  and  the  deposition  angle,  a.  By 
GLAD,  micro-  or  nanostructures  form  due  to  “self-shadowing”  owed  to  the  oblique  deposition 
angle  of  the  incident  vapor  onto  a  flat  surface.  Upon  formation  of  random  nuclei  on  a  flat 
surface,  the  high  incident  angle  of  the  vapor  results  in  “shadowing”  of  smaller  nuclei,  thus 
halting  their  growth.  As  a  result,  thin  films  with  helical  elements  are  deposited  at  high  deposition 
angles  (a  >80°)  and  at  relatively  slow  substrate  rotational  speeds  (a  full  rotation  of  the  substrate 
corresponds  to  the  deposition  of  one  helix  turn).  Seeding  of  the  substrate  prevents  random 
nucleation,  therefore,  resulting  in  orderly  elements  as  first  shown  by  Malac  et  al.  [18]. 

The  microstructural  intricacies  of  GLAD  films  have  been  shown  to  provide  a  multitude  of 
functionalities,  such  as  energy  storage  and  energy  harvesting  [10,19-24],  However,  little  is 
known  about  their  mechanical  compliance  and  robustness.  For  instance,  Seto  et  al.  [25] 
performed  nanoindentation  on  spring  films  comprised  of  silicon  monoxide  (SiO),  titanium  (Ti) 
and  chromium  (Cr)  [26],  The  lateral  and  transverse  stiffness  of  tantalum  oxide  (Ta205)  spring 
films  with  a  capping  layer  was  measured  by  Hirakata  et  al.  [27]  and  Sumigawa  et  al.  [28],  At  the 
individual  spring  level,  Liu  et  al.  [29]  measured  the  stiffness  of  single  Si  springs  with  an  Atomic 
Force  Microscope  (AFM).  In  that  work,  seeding  of  the  substrate  with  tungsten  (W)  posts  allowed 
for  deposition  of  well  separated  springs  without  overlap.  The  measured  stiffness  of  the  Si 
springs  was  reported  to  be  lower  than  expected  due  to  the  application  of  off-axis  load  by  the 
AFM  tip.  The  aforementioned  works  could  not  separate  the  effect  of  lateral  spring  interactions 
which  influence  the  measured  spring  stiffness  [29],  Stiffening  due  to  lateral  spring  interactions 
inside  films  could  be  evaluated  by  testing  individual  springs  isolated  from  GLAD  films. 

In  this  research  program  the  mechanical  behavior  of  Si  and  Cu  spring  films  produced  via 
GLAD  was  determined  under  compression  via  an  indenter  and  in  shear  with  the  aid  of  a 
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custom-made  apparatus.  The  two  types  of  materials  where  selected  for  their  multifunctional 
potential  as  thermally  conductive  interfaces  between  materials  with  different  coefficients  of 
thermal  expansion  (Cu),  and  as  compliant  high  surface-to-volume  “films”  for  photovoltaic  energy 
harvesting  and  Li+  storage  (Si).  Figure  1  provides  an  outline  of  the  experimental  methods  and 
approach  followed  in  this  research  program.  10-pm  thick  films  of  Cu  and  Si  springs  with  two 
different  seed  spacings  and  coil  turns  per  unit  length,  as  well  as  unseeded  films  were  studied. 
Their  compressive  and  lateral  (shear)  stiffness,  and  permanent  deformation  were  measured  at 
the  film  level  using  capped  and  uncapped  films  which  represent  different  cases  of  boundary 
conditions.  At  the  nanoscale,  the  mechanical  behavior  of  the  individual  Si  nanosprings,  isolated 
from  the  same  four  types  of  seeded  films,  was  measured  in  tension,  compression  and  shear 
(bending)  via  Microelectromechanical  Systems  (MEMS)  based  tools,  as  shown  in  Figure  1 .  The 
results  of  single  spring  experiments  provide  the  basis  to  understand  the  spring  interactions 
occurring  in  film-level  compression  and  shear  experiments. 


Figure  1.  Graphical  summary  of  the  experimental  approach  pursued  in  this  research  program. 
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II.  EXPERIMENTAL  PROCEDURES 
11.1  Fabrication  of  Si  Spring  Films 

All  Si  spring  films,  Figure  2(a-f),  were  fabricated  by  GLAD  at  the  commercial  foundry  of 
Micralyne,  in  Edmonton,  Canada.  Seeded  and  unseeded  Si  substrates  were  titled  at  85°  and 
rotated  at  constant  speed  [11,12],  The  choice  of  deposition  parameters  provided  control  of  the 
wire  diameter,  coil  diameter,  and  coil/helix  angle.  Unseeded  films  demonstrated  a  large 
distribution  of  wire  and  coil  diameters  and  resulted  in  highly  intertwined  springs,  Figure  2(e,f). 
The  increased  seed  spacing  in  the  case  of  seeded  springs  reduced  intertwining  between 
adjacent  springs,  Figure  2(a-d).  The  seeded  Si  spring  films  were  fabricated  on  a  Si  wafer  with  a 
regular  pattern  of  500  nm  tall  Si  posts  that  served  as  seeds  with  spacing  of  either  900  nm  or 
1500  nm.  For  each  seed  spacing,  Si  springs  with  1000  nm  or  2500  nm  pitch  height  were 
fabricated,  thus  resulting  in  six  different  types  of  films,  all  being  10±0.3pm  thick,  Figure  2(a-f). 
Seeding  of  the  Si  substrate  with  500  nm  high  Si  posts  was  prepared  via  Deep  Reactive-Ion 
Etching  (DRIE). 

The  Si  nanospring  films  were  grown  at  a  rate  of  10  A/s  and  an  incident  angle  of  85°,  with 
a  substrate  rotation  rate  of  4.2°/min  for  4-turn  springs  and  10.6°/min  for  10-turn  springs.  The  4- 
turn  springs  were  approximately  open-coiled,  whereas  the  10-turn  were  close-coiled  (screw¬ 
like),  as  shown  in  Figures  2(a-d).  The  degree  of  spring  intertwining  varied  with  seed  spacing, 
with  larger  spacing  and  smaller  spring  pitch  resulting  in  less  overlap  between  springs,  Figures 
3(a-d).  The  wire  comprising  the  open-coiled  springs  had  elliptical  cross-section  and  the  major 
and  minor  axes  of  the  wire  were  measured  from  Scanning  Electron  Microscopy  (SEM)  images. 
The  measured  geometrical  parameters  of  the  Si  springs  are  listed  in  Table  1.  Half  of  the  spring 
films  were  capped  with  an  additional  1000-nm  layer  of  solid  Si  to  facilitate  shear  testing.  The 
capping  layer  was  deposited  at  10  A/s  and  a  substrate  rotation  rate  of  2400°/min,  with  an 
incident  angle  of  20°.  The  capping  layer  was  continuous  in  the  case  of  4-turn  springs  that 
demonstrated  significant  overlap,  Figure  3(a,b),  while  the  capping  layer  was  not  as  cohesive  in 
the  case  of  10-turn  springs,  especially  those  with  1500  nm  seed  spacing  due  to  the  large 
spacing  between  individual  springs,  Figure  3(d). 


Table  1 .  Geometrical  parameters  of  the  Si  spring  films  fabricated  for  this  study. 


Spring  Type 
(number  of  turns, 
seed  spacing) 

Coil  diameter 
(nm) 

Major  axis  of 
the  wire  (nm) 

Minor  axis  of 
the  wire  (nm) 

Pitch  (nm) 

4  turns,  900  nm 

1530 

760 

430±50 

2500 

4  turns,  1500  nm 

1570 

940 

565±60 

2500 

10  turns,  900  nm 

1060 

700 

400±30 

1000 

10  turns,  1500  nm 

1320 

870 

610±30 

1000 
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Figure  2.  Side  views  of  Si  spring  films  comprised  of  (a)  4-turn  coils  with  900  nm  seed  spacing, 
(b)  4-turn  coils  with  1500  nm  seed  spacing,  (c)  10-turn  coils  with  900  nm  seed  spacing,  (d)  10- 
turn  coils  with  1500  nm  seed  spacing,  (e)  4-turn  coils  on  unseeded  substrate,  and  (f)  10-turn 
coils  on  unseeded  substrate. 
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(C)  (d) 


Figure  3.  Top  views  of  Si  spring  films  comprised  of  (a)  4-turn  coils  with  900  nm  seed  spacing, 
(b)  4-turn  coils  with  1500  nm  seed  spacing,  (c)  10-turn  coils  with  900  nm  seed  spacing,  and  (d) 
10-turn  coils  with  1500  nm  seed  spacing. 


11.2  Fabrication  of  Cu  Spring  Films 

The  Cu  spring  films  were  also  fabricated  at  Micralyne  using  GLAD  on  seeded  silicon 
wafers.  10-pm  high,  10-turn  Cu  spring  films,  Figure  4(a-d),  were  deposited  with  four  different 
seed  spacings:  2000  nm,  2400  nm,  2800  nm,  and  3200  nm.  Portions  of  the  wafer  also 
contained  unseeded  Cu  springs,  Figure  4(e).  Larger  seed  spacing  resulted  in  larger  coil 
diameter  and  less  overlap  between  adjacent  springs.  Thus,  the  interaction  between  adjacent 
springs  decreases  as  the  seed  spacing  increases.  The  Cu  films  were  deposited  at  the  rate  of  20 
A/s,  incident  angle  of  86°,  and  substrate  rotation  speed  of  7.1°/min.  The  geometry  of  10-turn  Cu 
springs  was  quite  different  from  that  of  10-turn  Si  springs,  due  to  the  different  deposition  rates 
and  substrate  rotation  speeds:  the  deposition  rate  of  10-turn  Si  films  was  10  A/s  and  the  rotation 
rate  was  10.6°/min,  while  the  deposition  rate  of  10-turn  Cu  films  was  20  A/s  and  the  rotation  rate 
of  7.1°/min.  These  values  correspond  to  a  deposition  rate  of  56.6  A  per  degree  of  rotation  for  Si 
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and  169  A  per  degree  of  rotation  for  Cu,  thus  Cu  the  springs  were  much  larger  (microsprings) 
than  the  Si  springs  (nanosprings). 


(d)  (e) 


Figure  4.  Cu  spring  films  comprised  of  10-turn  coils  and  (a)  2000  nm,  (b)  2400  nm,  (c)  2800 
nm,  (d)  3200  nm  seed  spacing,  and  (e)  deposited  on  unseeded  substrate. 


11.3  Film  Compression  Experiments 

Compression  tests  were  performed  on  uncapped  seeded  and  unseeded  Si  and  Cu 
spring  films.  Precise  circular  test  areas  of  -100  pm  diameter  were  prepared  using  a  Focused 
Ion  Beam  (FIB).  First,  a  ring  with  an  outer  diameter  of  130  pm  and  inner  diameter  of  100  pm 
was  milled,  as  shown  in  Figure  5(a).  The  springs  outside  of  each  cylindrical  area  were  then 
removed,  leaving  behind  test  specimens  such  as  the  one  shown  in  Figure  5(b).  As  a  result  of 
the  initial  milling,  a  fused  layer  of  Si  formed  on  the  outer  surface  of  the  test  specimen,  which 
was  removed  by  low  power  FIB  ion-milling,  to  produce  the  final  circular  test  area,  shown  in 
Figure  5(c). 

Compression  tests  were  performed  with  a  commercial  Hysitron  Tl  950  Tribolndenter  and 
a  188-pm  diameter  circular  flat  punch  made  of  sapphire,  while  the  methodology  for  instrumented 
nanoindentation  [30-34]  was  followed  to  analyze  the  experimental  force-displacement  data. 
Each  test  area  was  subjected  to  10  loading-unloading  cycles  between  0  MPa  and  a  maximum  of 
0.5,  5,  10,  15,  20,  25,  30,  40,  or  50  MPa.  Each  specimen  was  subjected  to  additional  10-cycles 
of  loading  and  unloading  in  a  ±10%  range  about  each  maximum  stress  value.  The  compressive 
stiffness,  E,  was  calculated  from  the  slope  of  the  force  vs.  displacement  plots  as: 
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where  kT\s  the  slope  of  the  curve  constructed  with  data  in  the  ±10%  range  of  each  peak  stress 
value,  h  is  the  mean  height  of  the  spring  film  where  /c7was  computed,  and  A  is  the  test  area.  A 
sample  plot  of  the  load  vs.  displacement  for  a  4-turn,  900  nm  seeded  Si  spring  film  loaded  to  5 
MPa  peak  stress  is  shown  in  Figure  6.  Because  of  the  large  area  of  indentation,  recalibration  of 
the  commercial  indenter  was  required  to  account  for  the  test  system  compliance:  compression 
tests  were  performed  on  clean  substrate  to  measure  the  system  (substrate,  cylindrical  punch, 
adhesive  and  indenter)  stiffness.  Then,  the  true  stiffness  of  the  spring  film,  k,  was  computed  as: 


kTkc 

b  — _ '  £ 

kT-ks 

where  kT  is  the  total  measured  stiffness  and  ks  is  the  stiffness  of  the  system. 


(2) 


(a) 


(b) 


(c) 


Figure  5.  Test  area  definition  for  a  film  with  10-turn  unseeded  springs:  (a)  Initial  FIB  milling  of  a 
cylindrical  specimen,  (b)  springs  removed  outside  the  cylinder,  (c)  fine  FIB  ion-milling  removed 
the  fused  springs  at  the  edges  of  the  test  area. 
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Figure  6.  Load  vs.  displacement  curve  of  a  Si  film  comprised  of  4-turn  springs  deposited  with 
900  nm  seed  spacing  and  subjected  to  cyclic  loading  in  the  range  0-5  MPa.  For  clarity,  each 
loading-unloading  cycle  with  amplitude  of  10%  of  the  mean  has  been  separated  in  the  plot. 
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11.4  Film-level  Shear  Experiments 

Shear  tests  were  performed  on  capped  films  by  using  a  home-built  apparatus  [35-37], 
The  force  was  measured  with  a  50  g  load  cell  and  in-plane  shear  displacements  were  imposed 
via  a  linear  PZT  actuator.  The  test  areas  were  FIB-milled  and  had  rectangular  dimensions  of 
100x200  pm2,  Following  a  procedure  similar  to  that  outlined  in  Figure  5,  perfectly  rectangular 
test  areas  were  created,  as  shown  in  Figures  7(a,b).  For  shear  testing,  the  test  apparatus  was 
placed  under  an  optical  microscope  equated  with  a  CCD  camera  to  record  images  of  the 
sample  surface  at  5  fps.  In-plane  displacements  were  then  computed  from  the  optical  images 
using  Digital  Image  Correlation  (DIC),  to  determine  the  net  displacement  of  the  test  area,  which, 
in  turn,  was  used  to  construct  the  shear  force  vs.  displacement  curve,  similar  to  the  example 
shown  in  Figure  8. 

The  slope  of  the  shear  force  vs.  displacement  plot,  kshear ,  was  used  to  calculate  the 
shear  modulus  of  the  film,  Gshear  using  the  equation: 

H 

G shear  ~  kshear  (3) 

where  H  is  the  height  of  the  spring  film  not  including  the  cap  and  A  is  the  test  area.  A  sample 
plot  is  shown  in  Figure  8. 


(a)  (b) 


Figure  7.  Test  area  in  a  film  comprised  of  4-turn  Si  springs  with  1500  nm  seed  spacing  after 
ion-milling,  shown  at  (a)  1,500x,  and  (b)  8,000x  magnification. 
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Figure  8.  Shear  stress  vs.  displacement  plot  of  a  Si  film  comprised  of  10-turn  springs  with  2000 
nm  seed  spacing.  The  red  data  points  were  used  to  compute  the  initial  film  shear  stiffness. 


11.5  Mechanical  Tests  of  Individual  Si  Springs 

The  tension/compression  and  bending  behavior  of  individual  springs  were  quantified  with 
the  aid  of  MEMS  devices  using  a  method  developed  before  by  this  group  [35].  The  stiffness  of 
the  compression/tension  and  shear  MEMS  devices  was  measured  by  loading  them  against 
devices  of  known  stiffness  [38],  A  side  and  top  view  of  an  isolated  4  turn,  900nm  seeded  Si 
spring  is  shown  in  Figure  9(a,b).  The  mounted  springs  were  fixed  onto  the  MEMS  devices  via 
platinum  (Pt)  tabs  that  were  deposited  with  a  FIB.  Images  before  and  after  deposition  of  the  Pt 
tabs  showed  no  or  minimum  Pt  deposition  on  the  test  specimens.  The  Pt  tabs  were  fully 
constrained  the  ends  of  the  springs,  thus  creating  approximate  fixed-fixed  boundary  conditions. 
Figures  10(a-d)  show  the  four  different  types  of  Si  springs  mounted  before  compressive  testing, 
whereas  Figures  1 1(a-d)  show  the  same  types  of  Si  springs  mounted  for  shear  testing.  The  first 
two  test  structures  in  Figures  10(a-d)  and  Figures  11(a-d)  are  spring-like,  the  third  has  a  spring¬ 
like  structure  with  much  smaller  coil  diameter,  whereas  the  fourth  is  closer  to  a  staircase  shape. 

The  mechanical  response  of  the  individual  Si  springs  was  investigated  for  springs 
retrieved  only  from  seeded  areas;  the  density  of  springs  in  unseeded  areas  was  too  high,  thus 
making  the  removal  of  intact  unseeded  springs  impractical.  The  springs  were  subjected  to 
tension  or  compression  at  a  loading  rate  of  30  nm/sec.  Testing  was  performed  under  an  optical 
microscope  and  images  were  captured  at  a  400x  magnification.  At  least  three  specimens  of 
each  spring  type  were  tested. 

The  initial  tensile/compressive  stiffness  of  the  springs  was  measured  from  the  slope  of 
the  linear  segment  of  the  load  vs.  spring  extension/compression  curves.  The  applied  load  was 
calculated  from  changes  in  the  opening  of  the  loadcell,  namely  the  motion  of  areas  “2”  and  “3”  in 
Figure  12.  The  spring  extension/compression  was  obtained  from  the  crosshead  displacement 
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which  corresponds  to  the  relative  motion  of  areas  “1”  and  “2”  in  Figure  12.  A  comparison  of  the 
relative  motion  of  the  two  areas  marked  as  “1”  provided  a  measure  for  any  unintentional 
bending  load.  The  motion  of  the  two  areas  marked  as  “1”  was  found  to  be  virtually  identical. 


(a)  (b) 

Figure  9.  (a)  Side  and  (b)  top  view  of  a  Si  spring  with  4  turns. 


Figure  10.  Si  springs  mounted  on  MEMS  devices  for  uniaxial  compression  testing  isolated  from 
films  with  (a)  4-turn  coils  with  900  nm  seed  spacing,  (b)  4-turn  coils  with  1500  nm  seed  spacing, 
(c)  10-turn  coils  with  900  nm  seed  spacing,  and  (d)  10-turn  coils  with  1500  nm  seed  spacing. 


(a)  (b)  (c)  (d) 

Figure  11.  Si  springs  mounted  on  MEMS  devices  for  shear  testing,  isolated  from  films  with  (a) 
4-turn  coils  with  900  nm  seed  spacing,  (b)  4-turn  coils  with  1500  nm  seed  spacing,  (c)  10-turn 
coils  with  900  nm  seed  spacing,  and  (d)  10-turn  coils  with  1500  nm  seed  spacing. 
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Figure  12.  A  10-turn  spring  mounted  on  a  tension/compression  MEMS  device.  DIC  was 
performed  to  compute  the  displacements  of  areas  “1”,  “2”,  “3”  in  the  left  figure. 


Similarly,  the  bending  stiffness  of  individual  springs  was  measured  from  the  slope  of  the 
linear  segment  of  the  load  vs.  lateral  deflection  curves.  The  bending  force  was  calculated  from 
the  relative  motion  of  areas  “2”  and  “3”  in  Figure  13.  The  lateral  deflection  of  the  spring  was 
computed  from  the  change  in  distance  between  areas  “1”  and  “2”  in  Figure  13.  Both  the  loadcell 
opening  and  the  lateral  spring  deflection  were  computed  via  DIC  which  was  performed  on  dark- 
field  optical  microscopy  images  obtained  at  400x  magnification,  resulting  in  an  accuracy  of  0.1 
pixels  (20-25  nm).  Finally,  the  effect  of  the  lateral  interactions  between  springs  at  the  film  level 
was  investigated  by  mounting  bundles  of  two  or  more  springs  onto  the  MEMS  devices.  Figures 
14(a,b)  show  two  10-turn  Si  springs  mounted  for  mechanical  testing  on  a  tension/compression 
and  on  a  bending  MEMS  device,  respectively. 
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Figure  13.  A  10-turn  spring  mounted  onto  a  MEMS  device  for  shear  testing.  DIC  was  performed 
to  compute  the  displacements  of  areas  “1”,  “2”,  “3”  in  the  figure. 


Figure  14.  Two  4-turn  springs  directly  transferred  and  mounted  on  MEMS  devices  for  (a) 
compression  and  (b)  bending  testing. 
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11.6  Analytical  Models  for  Helical  Springs 

In  order  to  assess  whether  the  mechanical  behavior  of  the  individual  springs  tested  in 
this  research  program  approximates  that  of  an  ideal  coil,  the  experimentally  determined 
tensile/compressive  stiffness  values  were  compared  to  predictions  by  analytical  models  for 
spring  extension/compression  and  bending.  Wahl  derived  equations  for  springs  under  uniaxial 
loading  and  for  different  types  of  boundary  conditions  [39,40].  For  a  spring  with  both  ends  fixed, 
the  axial  stiffness  is  can  be  estimated  from: 


k 


a 


Gd 4 
8  D*N 


OK)-1 


(4) 


where  G  is  the  shear  modulus,  d  is  the  wire  diameter  of  the  spring,  D  is  the  coil  diameter,  N  is 
the  number  of  turns  of  the  spring  and  y/x  is  a  correction  factor  that  takes  into  account  the 
boundary  conditions  and  is  defined  as: 
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sin  a  —  sin  a0 


cos3  a0  [sin  a  —  sin  a0  +  Jy-  tan  a(cos  a0  —  cos  a)] 


(5) 


where  a  is  the  pitch  angle  at  a  given  displacement,  a0  is  the  initial  pitch  angle,  E  is  the  elastic 
modulus,  /  is  the  moment  of  inertia  and  lP  is  the  polar  moment  of  inertia.  The  pitch  angle  is  given 
by: 


tana  = 


hp 

n(D  +  d ) 


where  hp  is  the  pitch  length  of  the  spring. 


(6) 


Ancker  and  Goodier  [41,42]  derived  the  following  equation  for  the  axial  stiffness  of  a 
spring  in  tension,  assuming  radial  symmetry  (every  cross-section  of  the  spring  experiences  the 
same  load): 
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Analytical  models  can  provide  approximate  solutions  for  a  limited  spectrum  of  boundary 
conditions.  Zhang  and  Zhao  [43]  investigated  the  effect  of  boundary  conditions  on  the 
mechanical  response  of  springs  with  round  and  square  coils  via  a  Finite  Element  Analysis 
(FEA).  Springs  with  fixed  ends  had  2-3  times  higher  effective  stiffness  when  compared  to 
springs  with  one  free  end,  which  shows  the  significant  role  of  boundary  conditions. 


Timoshenko  derived  an  equation  for  the  lateral  stiffness  of  a  spring  by  taking  into 
account  the  deflection  due  to  the  bending  moment  and  the  shearing  force  [44],  The  transverse 
stiffness  in  this  case  is  given  by: 
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In  the  case  that  the  spring  index  (=coil  diameter/wire  diameter)  is  not  large,  the  torsional 
rigidity  represented  by  the  term  GIP  is  multiplied  by  the  correction  factor  (3: 


P  = 


(9) 


Finally,  Lee  et  al.  [45]  derived  the  lateral  stiffness  equation  for  a  spring  with  one  end  free 
and  the  other  fixed  against  rotation: 
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(10) 


where  w  is  a  shear  correction  factor  and  0  is  the  total  angle  of  rotation  and  equal  to  2nn. 

These  analytical  expressions  are  utilized  to  obtain  estimates  for  comparison  with  the 
experimental  results  discussed  in  the  next  sections  of  this  report. 
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III.  RESULTS  AND  DISCUSSION 
111.1  Compressive  Behavior  of  Si  Films 

The  compressive  moduli  of  Si  spring  films,  as  determined  using  Equations  (1)  and  (2) 
are  shown  in  Figures  15(a-f)  for  uncapped  Si  films  and  in  Figures  16(a-f)  for  capped  Si  films.  In 
the  majority  of  uncapped  films,  the  effective  compressive  modulus  increased  with  applied 
stress,  potentially  due  to  contact  between  adjacent  springs.  In  most  cases,  the  loading  moduli  of 
uncapped  and  capped  seeded  springs  were  larger  than  the  unloading  moduli  of  the  same 
springs,  especially  at  high  applied  stresses,  potentially  signifying  damage  in  the  form  of  spring 
buckling  or  tilting  occurring  during  loading  at  high  stresses  which  resulted  in  reduced  stiffness. 
Specifically,  the  4-turn,  900  nm,  10-turn,  900  nm  and  10-turn,  1500  nm  springs  films 
demonstrated  loading  moduli  that  were  greater  by  60%,  11%,  and  29%,  respectively,  with 
reference  the  unloading  value,  than  the  unloading  moduli  at  the  highest  applied  stress  of  50 
MPa.  The  unseeded  spring  films  exhibited  smaller  variations  between  loading  and  unloading 
moduli,  which  did  not  exceed  13%.  Notably,  10-turn,  1500  nm  seeded  capped  films  exhibited  a 
decrease  in  the  effective  compressive  modulus  at  high  stresses  and  large  difference  between 
the  loading  and  unloading  moduli  at  30  and  40  MPa  (by  115%),  which  may  be  the  result  of 
fracture  of  the  capping  layer;  as  shown  in  Figure  3(d),  the  particular  films  had  no  overlap 
between  springs  and  therefore  the  cap  was  easier  to  fracture.  On  the  other  hand,  the  capping 
layer  restricted  spring  end  rotations  and  independent  bending  and  tilting,  thus  leading  to  higher 
effective  compressive  moduli  compared  to  uncapped  films  whose  top  end  was  unconstrained. 
Furthermore,  the  deviation  between  the  loading  and  unloading  moduli  of  capped  films  was 
smaller  than  for  uncapped  films  because  the  capping  layer  did  not  allow  for  independent  spring 
tilting  during  loading,  and  thus  less  damage  that  would  reduce  the  unloading  film  stiffness. 

A  direct  comparison  between  the  average  unloading  moduli  of  the  4-turn  and  10-turn 
uncapped  and  capped  Si  spring  films  is  provided  in  Figures  17(a,b)  and  Figures  18(a,b)  in 
logarithmic  axes  for  better  definition  of  the  data  at  low  stresses.  In  most  cases  the  unloading 
modulus  of  capped  films  was  larger  than  the  uncapped  counterparts,  with  the  exception  of  films 
comprised  of  10-turn  coils  with  900  nm  seed  spacing  and  unseeded  Si  films  with  10-turn  coils 
mainly  at  high  stresses.  At  the  lowest  stress  of  0.5  MPa,  which  is  also  the  most  technologically 
relevant,  the  stiffness  of  uncapped  films  with  4-turn  springs  was  33.9  ±1.0  MPa  for  900  nm 
seed  spacing,  26.3  ±  0.4  MPa  for  1500  nm  seed  spacing,  and  43.8  ±  0.9  MPa  for  unseeded 
springs.  In  comparison,  the  stiffness  of  capped  films  with  4-turn  springs  was  20.7  ±  0.3  MPa  for 
900  nm  seed  spacing,  12.9  ±  0.7  MPa  for  1500  nm  seed  spacing,  and  38.3  ±  0.8  MPa  for 
unseeded  springs.  In  the  case  of  films  comprised  of  10-turn  coils,  the  stiffness  of  uncapped  films 
was  32.8  ±  1.6  MPa  for  900  nm  seeding,  45.2  ±1.4  MPa  for  1500  nm  seeding,  and  96.1  ±  5.5 
MPa  for  unseeded  films,  whereas  for  the  capped  films,  38.6  ±  1.3  MPa  for  900  nm  seed 
spacing,  94.5  ±  5.5  MPa  for  1500  nm  seed  spacing,  and  21 .8  ±  0.9  MPa  for  unseeded  films.  For 
a  tenfold  increase  in  stress  to  5  MPa,  the  stiffness  of  uncapped  films  with  4-turn  springs  was 
48.6  ±1.1  MPa  for  900  nm  spacing  and  46.9  ±  0.4  MPa  for  1500  nm  seed  spacing,  while 
unseeded  spring  films  had  the  highest  stiffness  of  59.9  ±  1 .3  MPa.  For  the  same  stress,  capped 
films  had  comparable  stiffness.  The  10-turn  uncapped  spring  films  demonstrated  a  different 
trend,  with  increasing  stiffness  from  91.1  ±1.9  MPa  for  unseeded  spring  films,  to  142.5  ±1.5 
MPa  for  films  with  900  nm  seed  spacing,  and  finally  216.4  ±  4.3  MPa  for  1500  nm  seeding. 
Similar  trends  were  observed  for  the  capped  10-turn  films,  with  unseeded  film  stiffness  of  100.9 
±  2.5  MPa,  132.2  ±  1.6  MPa  for  900  nm  seed  spacing,  while  springs  with  1500  nm  seed  spacing 
demonstrated  a  fourfold  increase,  compared  to  0.5  MPa  stress,  to  420.13  ±  4.3  MPa. 
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Figure  15.  Compressive  stiffness  (modulus)  of  uncapped  films  comprised  of  (a)  4-turn  springs 
with  900  nm  seed  spacing,  (b)  4-turn  springs  with  1500  nm  seed  spacing,  (c)  10-turn  springs 
with  900  nm  seed  spacing,  (d)  10-turn  springs  with  1500  nm  seed  spacing,  (e)  4-turn  springs  on 
unseeded  substrate,  and  (f)  10-turn  springs  on  unseeded  substrate. 
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Figure  16.  Compressive  stiffness  (modulus)  of  capped  films  comprised  of  (a)  4-turn  springs  with 
900  nm  seed  spacing,  (b)  4-turn  springs  with  1500  nm  seed  spacing,  (c)  10-turn  springs  with 
900  nm  seed  spacing,  (d)  10-turn  springs  with  1500  nm  seed  spacing,  (e)  4-turn  springs  on 
unseeded  substrate,  and  (f)  10-turn  springs  on  unseeded  substrate. 
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Figure  17.  Compressive  unloading  modulus  of  uncapped  and  capped  films  with  (a)  4-turn,  and 
(b)  10-turn  Si  springs,  subjected  to  different  peak  stresses. 
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Figure  18.  Compressive  unloading  modulus  of  uncapped  and  capped  films  with  (a)  4-turn,  and 
(b)  10-turn  Si  springs,  subjected  to  different  peak  stresses.  The  data  are  the  same  as  in  Figure 
17,  here  presented  in  logarithmic  scale  for  better  definition  of  the  modulus  values  at  low 
stresses. 
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At  the  other  extreme,  at  the  highest  applied  stress  of  50  MPa,  uncapped  films  with  4-turn 
springs  experienced  a  large  variation  in  stiffness,  starting  at  350  ±  3  MPa  for  unseeded  springs, 
to  528  ±  3  MPa  for  springs  with  900  nm  seed  spacing,  and  1223  ±  22  MPa  for  1500  nm  seed 
spacing.  The  stiffness  of  the  corresponding  capped  films  was  1151  ±31  MPa  for  unseeded 
springs,  868  ±  5  MPa  for  films  with  900  nm  seed  spacing,  and  2021  ±  52  MPa  for  1500  nm  seed 
spacing,  namely  all  corresponding  values  were  higher  for  capped  films.  A  reverse  trend  was 
recorded  for  uncapped  films  with  10-turn  coils  subjected  to  50  MPa:  the  stiffness  for  900  nm 
seed  spacing  was  1758  ±  46  MPa,  1152  ±  29  MPa  for  1500  nm  seeding,  and  1097  ±  35  MPa 
unseeded  springs.  In  comparison  to  uncapped  10-turn  spring  films,  capped  films  with  900  nm 
seed  spacing  had  a  stiffness  of  549  ±16  MPa,  2040  ±  283  MPa  for  1500  nm  seed  spacing,  and 
256  ±  60  MPa  for  unseeded  films,  namely  a  monotonic  trend  in  stiffness  values  with  respect  to 
seed  spacing.  As  shown  in  Figure  2(c,d),  10-turn  seeded  springs  were  quite  columnar,  and, 
therefore,  more  prone  to  buckling  as  the  degree  of  intertwining  between  springs  decreased 
significantly  for  1500  nm  seed  spacing,  Figure  3(d). 

Cross-sectional  images  prepared  by  ion-milling  revealed  spring  tilting  at  stresses  higher 
than  15  MPa.  Figures  19(a,b)  show  two  samples  subjected  to  different  stress  levels,  which 
demonstrated  coordinated  tilting  of  all  springs  in  the  same  direction  as  indicated  by  the  arrows. 
Flowever,  uncapped  spring  films  demonstrated  tilt  in  random  directions.  In  addition  to  tilting  of 
springs  at  stresses  higher  than  15  MPa,  the  capping  layer  of  films  comprised  of  10-turn  springs 
with  1500  nm  spacing  showed  signs  of  fragmentation  which  was  also  reflected  in  jumps  in  the 
load  vs.  displacement  curves.  The  capping  layer  was  intact  for  the  rest  of  the  spring  film  types, 
apart  from  some  “chipping”  at  the  edges  of  the  test  areas.  In  general,  uncapped  films  of 
unseeded  films  maintained  their  cohesion  in  the  entire  loading  range  due  to  major  intertwining, 
Figure  20,  films  comprised  of  4-turn  springs  and  1500  nm  seed  spacing  showed  moderate 
tilting,  Figure  21,  and,  finally,  10-turn  springs  and  1500  nm  seed  spacing  demonstrated 
pronounced  spring  tilting,  especially  at  the  test  area  edges,  Figure  22. 


(a)  (b) 


Figure  19.  Cross-sectional  images  of  capped  films  with  10-turn  springs  and  1500  nm  seed 
spacing  after  subjected  to  (a)  15  MPa  and  (b)  25  MPa.  The  arrows  show  the  tilt  direction  of  the 
springs. 
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Figure  20.  Oblique  views  of  Si  films  comprised  of  unseeded  springs  with  4-turn  coils,  which  were  subjected  to  compressive  stress  in 
the  range  5  MPa  to  50  MPa. 
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Figure  21.  Oblique  views  of  Si  films  comprised  of  4-turn  coils  with  1500  nm  seed  spacing,  which  were  subjected  to  compressive 
stress  in  the  range  5  MPa  to  50  MPa. 
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Figure  22.  Oblique  views  of  Si  films  comprised  of  springs  with  10-turn  coils  and  1500  nm  seed  spacing,  which  were  subjected  to 
compressive  stress  in  the  range  5  MPa  to  50  MPa. 
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The  final  film  thickness  was  divided  by  the  initial  film  height  to  determine  the  permanent 
deformation  (strain).  Figures  23(a,b),  and  Figures  24(a,b)  in  logarithmic  coordinates,  show  the 
permanent  set  of  all  Si  films  tested  in  this  research  program.  Si  films  comprised  of  4-turn  coils 
with  900  nm  seed  spacing  and  10-turn  coils  with  1500  nm  seed  spacing  sustained  a  permanent 
strain  of  6.5%  and  1.9%,  respectively,  at  5  MPa.  In  all  other  cases,  a  permanent  strain  between 
0.6%  and  5.1%  took  place  for  the  first  time  at  10  MPa.  For  example,  capped  Si  films  with  4-turn 
coils  and  1500  nm  seed  spacing,  and  10-turn  coils  with  1500  nm  seeding  had  2.0%  and  1.9% 
permanent  strain,  respectively,  upon  application  of  5  MPa  stress. 

Between  15  MPa  and  30  MPa  applied  stress,  all  uncapped  4-turn  films  experienced 
comparable  permanent  strain  regardless  of  seed  spacing,  which  varied  in  the  range  12.4%  - 
18.9%.  Notably,  the  permanent  strain  of  films  with  900  nm  seed  spacing  remained  rather 
unchanged  at  18-20%  for  stresses  >  25  MPa.  At  intermediate  stresses  of  15-30  MPa  unseeded 
films  demonstrated  the  most  resistance  to  permanent  compression  with  12-16%  permanent 
strain,  which  increased  abruptly  to  21.5%  and  22.5%  at  40  MPa  and  50  MPa,  respectively.  On 
the  other  hand,  10-turn  spring  films  showed  steady  increase  in  permanent  strain  with  applied 
stress.  Uncapped  films  of  10-turn  springs  and  1500  nm  seed  spacing,  although  experienced 
only  2.0%  permanent  strain  at  5  MPa,  Figure  23(b),  their  permanent  strain  increased  to  19%  at 
10  MPa,  and  then  increase  thereafter  by  2-3%  for  each  5  MPa  of  stress  increment,  finally 
reaching  38%  at  50  MPa. 

On  the  contrary,  films  of  10-turn  springs  with  900  nm  seed  spacing  and  unseeded  films 
subjected  to  5  MPa  incurred  permanent  strains  of  0.6%  and  2.3%,  respectively.  For  stresses 
lower  than  15  MPa,  films  of  springs  with  900  nm  spacing  were  proven  to  be  the  most  resistant  to 
permanent  deformation.  A  drastic  increase  in  permanent  compression  occurred  for  films  with 
10-turn  coils  and  900  nm  seed  spacing  from  2%  at  15  MPa  to  -13%  at  20  MPa.  Films  with  10- 
turn  unseeded  springs  demonstrated  the  most  consistent  increase  in  permanent  strain  of  2-3% 
for  each  5  MPa  of  stress  increment,  reaching  19%  permanent  strain  at  50  MPa.  The  permanent 
strain  in  10-turn  spring  films  varied  greatly  depending  on  the  seed  spacing:  films  with  1500  nm 
seed  spacing  demonstrated  the  largest  permanent  strain,  followed  by  those  with  900  nm  seed 
spacing  and  finally  the  unseeded  springs.  Therefore,  unseeded  films  provided  a  clear 
advantage  in  the  case  of  10-turn  springs,  but  limited  advantage  in  4-turn  spring. 

For  stresses  between  15  MPa  and  25  MPa,  capped  films  of  4-turn  coils  and  900  nm 
seeding  had  4.6%  - 12.3%  permanent  deformation  which  further  increased  to  17.1%  at  50  MPa. 
In  the  same  range  of  stresses  (15-25  MPa)  capped  4-turn  spring  films  with  1500  nm  seed 
spacing  showed  slightly  larger  permanent  deformation  of  9.2%  -  15.8%,  which  reached  19.3% 
at  50  MPa.  The  unseeded  capped  films  with  4-turn  coils,  on  the  other  hand,  had  larger 
permanent  deformation  of  1 1.5%  -  13.9%  between  15  MPa  and  25  MPa  and  22.5%  at  50  MPa. 
10-turn  spring  films  demonstrated  similar  trends  with  permanent  deformation  varying  anywhere 
between  1.3%  and  30.2%  for  stresses  between  15  MPa  and  25  MPa.  At  50  MPa,  capped  films 
of  10-turn  coils  with  900  nm  seed  spacing  had  17.9%  permanent  strain,  those  with  1500  nm 
seed  spacing  had  34.9%  permanent  set,  and  unseeded  films  had  21.5%  permanent  strain. 
Capped  films  with  10-turn  coils  and  1500  nm  seeding  exhibited  the  largest  permanent 
deformation  among  all  types  of  films,  which  was  the  outcome  of  the  lack  of  stabilizing  lateral 
interactions  between  the  adjacent  springs,  leading  to  spring  tilting.  Finally,  capped  films, 
especially  for  10-turn  coils  provide  a  clear  advantage  as  they  limit  the  amount  of  permanent 
deformation  compared  to  uncapped  films. 
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Figure  23.  Permanent  strain  of  uncapped  and  capped  Si  films  with  (a)  4-turn,  and  (b)  10-turn 
springs. 
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Figure  24.  Permanent  strain  of  uncapped  and  capped  Si  films  with  (a)  4-turn,  and  (b)  10-turn 
springs.  The  data  are  the  same  as  in  Figure  23,  presented  here  in  logarithmic  scale  for  better 
definition  of  the  permanent  deformation  values  at  low  stresses. 
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III. 2  Shear  Response  of  Si  Spring  Films 

The  shear  modulus  of  different  films,  as  determined  via  Equation  (3),  is  reported  in 
Figure  25.  The  standard  deviation  for  each  case  is  calculated  from  three  different  experiments, 
except  for  the  case  of  unseeded  films,  for  which  stiffness  is  extracted  from  two  tests.  With  the 
exception  of  films  comprised  of  10-turn  springs  with  1500  nm  spacing,  the  shear  modulus  of  all 
other  films  was  in  the  tight  range  between  16.8  ±1.8  MPa  and  26.8  ±  7.1  MPa.  The  difference  in 
the  shear  modulus  values  between  different  types  of  films  was  due  to  their  dimensions  and  the 
degree  of  entanglement.  As  listed  in  Table  1,  the  4-turn  springs  with  1500  nm  spacing  had 
larger  wire  diameter  than  the  4-turn  springs  with  900  nm  seed  spacing  and  as  a  result  larger 
stiffness.  On  the  other  hand,  unseeded  springs  with  4  turn  coils  had  among  the  highest  shear 
stiffness  values  measured:  As  shown  in  Figures  2(a-f),  unseeded  springs  formed  much  denser 
films  compared  to  seeded  films,  hence  promoting  significantly  more  intertwining  and  lateral 
interactions  through  contact.  Therefore,  unseeded  films  were  expected  to  have  comparatively 
higher  shear  stiffness  than  seeded  films.  Films  with  10-turn  springs  did  not  follow  monotonic 
trends  in  shear  stiffness  and  strength:  Films  of  10-turn  coils  with  900  nm  seeding  and  10-turn 
coils  with  1500  nm  seeding  had  shear  stiffness  values  of  26.1  ±  4.7  MPa  and  6.6  ±  0.6  MPa, 
respectively.  Although  the  latter  had  larger  effective  wire  diameter,  there  were  fewer  springs  per 
unit  area  than  in  the  former  case,  as  well  as  almost  no  intertwining  to  resist  spring  tilting.  For 
these  reasons  films  of  10-turn  coils  and  the  largest  seed  spacing  had  the  smallest  shear 
stiffness.  On  the  other  hand,  unseeded  films  with  4-turn  coils  were  the  stiffest  (26.8  ±  7.1  MPa), 
while,  films  with  unseeded  10-turn  springs  were  comparably  stiff  (23.5  ±  3.2  MPa)  due  to  the 
closest  proximity  of  adjacent  unseeded  springs.  Notably,  compared  to  seeded  films,  unseeded 
films  had  reduced  compressive  stiffness  but  equivalent  or  higher  shear  stiffness. 

In  terms  of  shear  strength,  Figure  26,  all  4-turn  spring  films  demonstrated  similar  shear 
strength  regardless  of  seed  spacing,  amounting  to  2.4  ±  0.2  MPa,  2.4  ±0.1  MPa,  and  2.3  ±  0.1 
MPa,  for  900  nm  seeding,  1500  nm  seeding  and  unseeded  films,  respectively.  As  a 
consequence  of  the  deposition  process  of  GLAD,  films  with  larger  seed  spacing  had  larger  coil 
and  wire  cross-sections,  but  fewer  springs  than  those  with  smaller  seed  spacing.  Therefore, 
although  the  individual  spring  geometries  varied  greatly,  the  film  shear  strengths  were  quite 
consistent.  Films  with  10-turn  coils  demonstrated  less  consistent  behavior:  films  with  10-turn 
coils  and  900  nm  seed  spacing  and  unseeded  films  had  similar  shear  strength,  namely  3.2  ±  0.5 
MPa  and  3.9  ±  0.7  MPa,  respectively.  However,  films  of  10-turn  coils  with  1500  nm  seed 
spacing  had  low  shear  strength,  only  0.9  ±  0.05  MPa  for  the  reasons  explained  above.  It  is 
worth  mentioning  that  seeded  films  of  4-turn  springs  failed  randomly  along  the  spring  height 
anywhere  between  the  first  and  the  fourth  turn.  On  the  other  hand,  unseeded  4-turn  springs 
experienced  failure  consistently  between  the  third  and  the  fourth  turn.  However,  10-turn  seeded 
springs  experienced  failure  exclusively  at  the  post,  whereas  10-turn  unseeded  springs  failed 
either  near  the  base  or  the  cap. 
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Figure  25.  Shear  stiffness  of  unseeded  and  seeded  Si  spring  films. 
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Figure  26.  Ultimate  shear  strength  of  unseeded  and  seeded  Si  spring  films. 
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III. 3  Compressive  Behavior  of  Cu  Spring  Films 

A  comparison  of  the  unloading  stiffness  of  the  different  types  of  Cu  spring  films  is 
provided  in  Figure  27.  The  stiffness  of  Cu  films  with  2400  nm,  or  2800  nm  seed  spacing 
gradually  increased  with  the  magnitude  of  applied  stress,  ranging  from  509±16.8  MPa  and 
560±19.8  MPa,  respectively,  at  5  MPa  stress,  to  4613±149  MPa  and  2795±58.4  MPa, 
respectively,  at  50  MPa.  However,  the  compressive  stiffness  of  films  with  2000  nm  and  3200  nm 
seed  spacing  monotonically  increased  up  to  30  MPa  stress,  reaching  3512±185  MPa  and 
2915±107  MPa,  respectively.  Notably,  the  stiffness  of  both  types  of  films  decreased  when  the 
stress  increased  from  30  to  40  MPa,  slightly  for  springs  with  2000  nm  seed  spacing  to 
3138±100  MPa,  but  drastically  for  films  with  3200  nm  seed  spacing  to  1751  ±26.4  MPa.  In  the 
stress  increment  between  40  to  50  MPa,  the  film  stiffness  increased  again  for  both  spring  types, 
to  3797±124  MPa  for  films  with  2000  nm  seed  spacing,  and  to  1863±27.5  MPa  for  films  with 
3200  nm  seed  spacing.  The  stiffness  of  unseeded  films  was  250±4.9  MPa  at  5  MPa,  and 
increased  steadily  to  613±6.8  MPa  and  627.5±7.9  MPa  for  20  MPa  and  30  MPa,  respectively.  A 
further  increase  in  stress  from  30  to  40  MPa  produced  a  more  drastic  stiffness  increase  to 
1 1 21  ±1 8.4  MPa,  but  no  further  increase  occurred  when  the  stress  increased  to  50  MPa, 
suggesting  that  between  30  and  40  MPa,  the  degree  of  contact  between  adjacent  springs  was 
substantially  greater  than  it  was  between  20  and  30  MPa,  and  perhaps  reached  saturation  at  40 
MPa.  Unseeded  Cu  films  demonstrated  the  smallest  stiffness  at  all  stress  levels,  only  reaching  1 
GPa  at  40  and  50  MPa.  For  stresses  <25  MPa,  the  compressive  stiffness  of  all  film  types  was 
less  than  3  GPa,  which  is  40  times  less  than  bulk  Cu.  At  stresses  smaller  or  equal  to  25  MPa, 
films  with  3200  nm  seed  spacing  had  the  largest  stiffness  among  all  samples,  due  to  their 
largest  coil  and  wire  diameter.  At  higher  stresses,  the  reduction  in  stiffness  of  the  films  with  the 
largest  Cu  coils  was  due  to  the  cork-screw  shape  of  the  springs,  which  promoted  tilting  and 
shifting  instead  of  spring-like  compression.  On  the  other  hand,  Cu  coils  with  2000  nm  seed 
spacing  better  resembled  coils  and,  thus,  demonstrated  more  uniform  change  in  stiffness  with 
applied  stress,  only  to  be  limited  by  the  onset  of  interactions  between  interpenetrating  adjacent 
springs.  In  general,  seeded  Cu  springs  with  seed  spacings  of  2000-2800  nm  demonstrated 
monotonic  and  thus  controllable  stiffening  with  applied  stress,  while  unseeded  Cu  films  were  by 
far  the  most  compliant  of  all  types  of  films  tested. 

The  films  of  Cu  springs  resisted  permanent  deformation  more  than  the  Si  films 
discussed  in  previous  Sections.  In  the  case  of  Cu  films,  each  test  area  deformed  uniformly,  and 
the  springs  at  the  specimen  edges  did  not  tilt  outwards  as  in  the  case  of  Si  films.  The  permanent 
set  of  Cu  films,  Figure  28,  was  calculated  from  SEM  images  captured  before  and  after  testing. 
For  Cu  films  with  2000  nm  and  2800  nm  seed  spacing,  ~2%  permanent  strain  occurred  first  at 
20  MPa,  while  in  all  other  films,  the  first  occurrence  of  permanent  strain  was  recorded  at  25 
MPa  and  varied  between  1%  for  unseeded  films  to  2%  for  films  with  2400  nm  and  3200  nm 
seed  spacing.  Unseeded  films  of  Cu  springs  experienced  large  permanent  set  of  10.4%  strain  at 
30  MPa,  but  at  higher  stresses,  the  rate  of  change  in  permanent  set  decreased  significantly, 
reaching  12%  at  50  MPa.  Seeded  films  experienced  consistently  increasing  permanent  set  with 
applied  stress.  At  50  MPa,  the  permanent  set  of  films  with  2000  nm  and  3200  nm  seed  spacing 
was  8%,  and  6%,  respectively.  Thus,  although  unseeded  films  provided  the  highest  compliance, 
they  were  more  prone  to  permanent  deformation  at  high  stresses  compared  to  seeded  Cu  films. 


DISTRIBUTION  A:  Distributi§i? approved  for  public  release. 


(0 

Q. 


0) 

0) 

0) 

c 


6000 


5000 


Unseeded 


2000  nm 


2400  nm 


2800  nm 


3200  nm 


£  4000 


CO 

0) 

> 

'<7> 

0) 

3_ 

Q. 

E 

o 

o 


3000 


2000 


1000 


0 


ni  ■  HI  i  !i 


10 


15  20  25  30 

Compressive  Stress  (MPa) 


40 


unseeded  □2000nm  2400nm  ■2800nm  ■3200nm 


50 


Figure  27.  Compressive  unloading  stiffness  of  unseeded  (red)  and  seeded  (gray)  Cu  spring  films. 
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Figure  28.  Permanent  compressive  strain  of  unseeded  and  seeded  Cu  spring  films. 


111.4  Shear  Behavior  of  Cu  Spring  Films 

As  shown  in  Figure  29,  all  Cu  spring  films  had  shear  stiffnesses  that  varied  between  218 
and  322  MPa  with  no  discernible  trend.  The  similar  stiffness  values  were  due  to  the  inverse 
relationship  between  seed  spacing  and  the  resulting  spring  density.  Larger  seed  spacings 
resulted  in  larger  spring  features,  such  as  wire  and  coil  diameter,  but  smaller  number  of  springs 
per  film  unit  area,  compared  to  films  with  smaller  seed  spacing.  Also,  the  effect  of  spring 
intertwining  is  important:  Films  with  smaller  seed  spacing  had  more  spring  overlap,  and  thus, 
came  into  contact  at  smaller  shear  displacements  compared  to  springs  with  larger  seed 
spacing. 

The  ultimate  shear  strength  values  of  seeded  Cu  films,  shown  in  Figure  30,  were  quite 
similar:  films  with  2000  nm  seed  spacing  had  the  largest  strength  of  4.1  ±1.2  MPa,  while  films 
with  2400  nm  seed  spacing  had  the  lowest  strength  of  1 .8  ±  0.4  MPa.  The  shear  strengths  of 
films  with  2800  nm  and  3200  nm  seed  spacing  were  2.6  ±  0.4  MPa  and  3.9  ±  0.4  MPa, 
respectively.  Unseeded  films  had  much  greater  shear  strength,  reaching  16.1  ±  0.9  MPa, 
compared  to  all  seeded  films.  Seeded  springs  were  deposited  on  narrow  posts  compared  to  the 
coil  diameter,  which  provided  a  weak  location  for  failure  under  shear  loading.  Thus,  unseeded 
Cu  films  provide  the  best  performance  in  shear.  Improvements  in  bonding  Cu  springs  onto  their 
seeds  are  needed  to  offset  this  disadvantage. 
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Figure  29.  Shear  stiffness  of  unseeded  and  seeded  Cu  spring  films. 
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Figure  30.  Ultimate  shear  strength  of  unseeded  and  seeded  Cu  spring  films. 
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III. 5  Mechanical  Behavior  of  Individual  Si  Nanosprings 

111.5.1 .  Tension/Compression  and  Shear  Behavior  of  Individual  Si  Springs 

The  tension  and  compression  experiments  of  individual  springs  using  MEMS  devices 
provided  force-extension/compression  curves  which  were  used  to  compute  the  initial  stiffness  of 
individual  springs.  Figures  31(a-d)  and  Figures  32(a-d)  show  the  load  vs.  spring 
extension/compression  graphs  of  four  different  types  of  springs  subjected  to  tension  and 
compression,  respectively.  Note  that  depending  on  specimen  mounting  the  lengths  of  the 
specimens  whose  force-extension  curves  are  shown  in  this  section  were  not  the  same, 
therefore  the  slopes  of  the  curves  in  these  plots  cannot  be  compared  directly.  Under  tension, 
springs  with  4  turns  behaved  mostly  linearly.  Springs  with  10  turns  were  also  linear  in  the 
beginning  of  loading;  springs  from  films  with  1500  nm  seed  spacing,  which  resembled  cork 
screws,  e.g.  Figure  2(d),  demonstrated  the  most  non-linearity  in  tension. 


Figure  31.  Force  vs.  extension  of  individual  Si  springs  from  films  with  (a)  4-turn  coils  and  900 
nm  seed  spacing,  (b)  4-turn  coils  and  1500  nm  seed  spacing,  (c)  10-turn  coils  and  900  nm  seed 
spacing  and  (d)  10-turn  coils  and  1500  nm  seed  spacing.  The  initial  slope  of  each  curve  is  also 
shown.  Depending  on  specimen  mounting  the  gauge  length  differed  between  specimens. 
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Contrary  to  the  tension  results  in  Figure  31,  all  individual  springs  subjected  to 
compression  behaved  non-linearly  after  an  initial  linear  segment,  potentially  due  to  progressive 
bending  (buckling  due  to  initial  imperfection  due  to  the  coil  geometry).  Under  tension,  the 
average  initial  stiffness  was  7.7  ±  1.8  N/m,  18.5  ±  3.7  N/m,  19.2  ±1.2  N/m  and  215  ±  88  N/m  for 
springs  from  films  comprised  of  4-turn  coils  with  900  nm  seeding,  4-turn  coils  with  1500  nm 
seeding,  10-turn  coils  with  900  nm  seeding,  and  10-turn  coils  with  1500  nm  seeding, 
respectively,  all  corrected  for  a  10-pm  long  springs.  For  the  same  types  of  springs  the  initial 
compressive  stiffness  was  7.3  ±  2.1  N/m,  17.0  ±  1.5  N/m,  32.7  ±  6.7  N/m  and  187  ±  19  N/m, 
respectively.  Figure  33  shows  a  comparison  between  experimental  measurements  and  the 
analytical  models  described  by  Equations  (4-10).  As  shown,  springs  with  4  turns  were  the 
closest  to  theoretical  predictions  while  springs  with  10  turns  deviated  from  the  ideal  spring 
behavior.  It  should  be  noted  that  analytical  estimates  are  very  sensitive  to  the  geometry  of  the 
coil  wire  which  was  determined  from  SEM  images  similar  to  those  in  Figures  9(a,b),  which  can 
suffer  from  perspective  errors.  Improved  measurements  are  in  progress,  taking  into  account  the 
growth  dynamics  of  the  GLAD  process  when  calculating  the  precise  shape  of  the  springs. 


(a) 


(b) 


Figure  32.  Load  vs.  compression  of  individual  Si  springs  from  films  with  (a)  4-turn  coils  and  900 
nm  seed  spacing,  (b)  4-turn  coils  and  1500  nm  seed  spacing,  (c)  10-turn  coils  and  900  nm  seed 
spacing  and  (d)  10-turn  coils  and  1500  nm  seed  spacing.  The  initial  slope  of  each  curve  is  also 
shown.  Depending  on  specimen  mounting  the  gauge  length  differed  between  specimens. 
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Figure  33.  Comparison  between  measured  stiffness  of  individual  Si  springs  in  tension  and 
compression  and  analytical  model  predictions  using  Wahl’s  and  Ancker  and  Goodier’s  models. 
All  stiffness  values  refer  to  10-pm  long  springs.  Note  that  the  scale  is  logarithmic  to  ensure  that 
all  results  are  shown  properly  in  the  same  graph. 


The  reliability  of  individual  spring  measurements  lies  with  the  rigidity  of  the  Pt  tabs 
deposited  with  a  FIB,  which  was  assessed  after  testing  of  each  spring,  and  confirmed  the  rigid 
bonding  of  the  tested  springs.  Figures  34(a,b)  show  the  failure  segments  of  a  spring  from  a  film 
comprised  of  4-turn  coils  and  900  nm  seed  spacing  after  tensile  testing. 


Figure  34.  Failure  segments  of  a  4-turn  Si  spring  from  a  film  with  900  nm  seed  spacing, 
subjected  to  tensile  loading. 
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Bending  (shear)  tests  of  individual  springs  provided  the  force  vs.  bending  deflection 
curves  as  a  function  of  spring  geometry.  Figures  35(a-d)  show  characteristic  force  vs.  deflection 
plots  for  each  type  of  seeded  Si  springs.  The  transverse  stiffness  of  individual  Si  springs  under 
bending  (shear)  loading  was  1.8±1.0  N/m  for  4-turn  coils  (900  nm  seed  spacing),  5.1  ±  2.1  N/m 
for  4-turn  coils  (1500  nm  seed  spacing),  2.4  ±1.0  N/m  for  10-turn  coils  (900  nm  seed  spacing), 
and  20.1  ±10.2  N/m  for  10-turn  coils  (1500  nm  seed  spacing).  Note  that  depending  on  specimen 
mounting  the  lengths  of  the  specimens  whose  curves  are  shown  in  Figures  35(a-d)  were  not  the 
same,  thus,  the  slopes  of  the  curves  cannot  be  directly  compared.  The  average  initial  transverse 
(bending)  stiffness  exhibited  large  standard  deviations,  which  may  imply  that  the  experimental 
results  are  sensitive  to  the  precise  orientation  of  the  mounted  springs  onto  the  MEMS  testing 
device  with  respect  to  their  neutral  axis.  The  force  vs.  bending  deflection  graphs  of  individual  Si 
springs  from  films  with  4-turn  coils  and  900  nm  seed  spacing,  4-turn  coils  and  1500  nm  seed 
spacing,  and  10-turn  coils  and  900  nm  seed  spacing  were  linear,  whereas  the  graphs  of  springs 
with  10  turns  from  films  with  1500  nmseed  spacing  demonstrated  more  non-linearity. 


(c)  (d) 

Figure  35.  Load  vs.  deflection  of  individual  Si  springs  from  films  with  (a)  4-turn  coils  and  900  nm 
seed  spacing,  (b)  4-turn  coils  and  1500  nm  seed  spacing,  (c)  10-turn  coils  and  900  nm  seed 
spacing,  and  (d)  10-turn  coils  and  1500  nm  seed  spacing.  The  initial  slope  of  each  curve  is  also 
shown.  Depending  on  specimen  mounting  the  gauge  length  varied  between  specimens. 
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Figure  36(a)  presents  the  bending  stiffness  results  for  different  Si  springs,  originating  in 
seeded  films,  which  was  adjusted  for  10-pm  gauge  sections.  These  values,  together  with  the 
area  density  of  seeded  spring  films  were  used  to  estimate  the  shear  stiffness  of  the  films,  which 
in  turn  were  compared  with  the  measured  shear  stiffness  and  shown  in  Figure  36(b).  As  shown 
in  this  figure,  the  estimates  and  measurements  are  in  good  agreement  which  implies  that  the 
contribution  of  lateral  spring  interactions  was  not  as  important  for  the  small  shear  strains  applied 
in  our  tests.  Only  the  case  of  films  with  10-turn  springs  with  1500  nm  spacing  was  not  predicted 
well  from  individual  spring  data;  the  particular  estimated  film  shear  stiffness  value  shown  in 
Figure  36(b)  is  potentially  more  reliable  than  the  experimental  value,  because  of  likely  early 
debonding  of  these  large  Si  coils  that  resembled  cork-screws. 
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Figure  36.  (a)  Individual  spring  bending  stiffness,  and  (b)  film  shear  stiffness  as  measured  and 
estimated  from  individual  spring  data.  All  individual  spring  stiffness  values  refer  to  10-pm  long 
springs.  The  logarithmic  scale  ensures  that  all  results  are  shown  properly  in  the  same  graph. 


The  effect  of  the  lateral  spring  interactions  with  their  neighbors  on  the  axial  and 
transverse  stiffness  was  further  investigated  via  experiments  with  two  or  more  springs  mounted 
on  MEMS  apparatuses.  Figures  14(a)  and  37(a)  show  an  example  of  a  pair  of  springs  mounted 
for  compression  testing,  and  Figure  14(b)  shows  an  example  of  a  pair  of  springs  mounted  for 
testing  in  bending.  A  comparison  of  the  force  vs  compression  of  two  4  turn  springs  with  the 
curve  for  an  individual  4-turn  from  the  same  film  is  shown  in  Figure  37(b).  Similarly,  the  force  vs. 
bending  deflection  of  two  4-turn  springs  and  a  single  4-turn  spring  from  the  same  film  all 
subjected  to  bending  loading  is  given  in  Figure  37(c).  In  compression  the  initial  stiffness  of  the 
pair  of  two  springs  was  27  N/m,  which  is  approximately  twice  the  stiffness  of  a  single  spring. 
The  graph  for  two  4-turn  springs  exhibited  quite  linear  behavior  compared  to  that  of  an  individual 
spring,  since  the  two  springs  mutually  restricted  each  other  from  out-of-plane  deflection.  On  the 
other  hand,  the  force  vs.  bending  deflection  of  two  springs  resulted  in  almost  three  times  the 
bending  stiffness  of  a  single  spring  (4.8  N/m),  while  both  curves  were  quite  linear,  Figure  37(c). 
Notably,  both  in  compression  and  in  bending  the  compressive  or  bending  strength  of  a  pair  of 
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two  springs  was  marginally  larger  than  a  single  spring,  plausibly  because  failure  of  one  of  the 
two  springs  shifted  the  entire  load  to  the  other  (intact)  spring  that  failed  right  after. 


(b) 


(c) 


Figure  37.  (a)  A  pair  of  springs  mounted  for  compression  testing,  (b)  Force  vs.  compression, 
and  (c)  force  vs.  bending  deflection  of  a  single  and  two  4-turn  springs  from  a  Si  film  with  900  nm 
seed  spacing. 
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III. 6  DISCUSSION 


The  results  from  the  tension  and  compression  experiments  on  individual  Si  springs  were 
compared  to  analytical  spring  models  by  Wahl  [39,40]  and  Ancker  and  Goodier  [41,42],  The 
cross-section  of  the  wire  comprising  each  Si  spring  was  approximated  as  elliptical  upon  imaging 
by  SEM  and  Equations  (4)  and  (7)  were  modified  to  take  into  account  the  elliptical  cross-section. 
A  comparison  between  experiments  and  modeling  is  shown  in  Figure  38.  The  experimentally 
determined  compressive  stiffness  of  individual  springs  deviated  from  the  analytical  predictions 
by  the  model  of  Wahl  [39,40]  by  -15%,  -10%,  72%  and  392%  and  by  the  model  of  Ancker  and 
Goodier  [41,42]  by  -19%,  16%,  52%  and  371%  for  springs  from  films  with  4-turn  coils  and  900 
nm  seed  spacing,  4-turn  coils  and  1500  nm  seed  spacing,  10-turn  coils  and  900  nm  seed 
spacing,  and  10-turn  coils  and  1500  nm  seed  spacing,  respectively.  Based  on  these  results,  the 
analytical  model  predictions  are  more  accurate  in  predicting  the  compressive  stiffness  of  4-turn 
coils.  However,  the  model  predictions  break  down  for  the  case  of  10-turn  coils  which  deviate 
from  the  open  coil  geometry  that  is  used  in  the  aforementioned  analytical  models.  Similarly,  the 
results  for  the  tensile  stiffness  of  individual  Si  springs  deviated  from  analytical  predictions  by  the 
model  of  Wahl  [39,40]  by  4%,  -13%,  24%  and  631%  and  by  the  model  of  Ancker  and  Goodier 
[39,40]  by  -1%,  -19%,  9%  and  601%,  for  springs  from  films  with  4-turn  coils  and  900  nm  seed 
spacing,  4-turn  coils  and  1500  nm  seed  spacing,  10-turn  coils  and  900  nm  seed  spacing,  and 
10-turn  coils  and  1500  nm  seed  spacing,  respectively.  Furthermore,  there  was  good  agreement 
between  the  experimental  tension  results  and  the  predictions  for  10-turn  coils  from  films  with 
900  nm  spacing.  However,  for  those  coils,  the  determination  of  the  wire  cross-section  was  not 
as  clear  and,  therefore,  any  agreement  is  perhaps  coincidental  since  the  equations  by  Wahl 
[39,40]  and  Ancker  and  Goodier  [41 ,42]  were  derived  for  open  coils  and  the  springs  with  10-turn 
coils  were  closed  coils. 

The  contribution  of  lateral  spring  interactions  to  the  effective  film  stiffness  could  also  be 
calculated  by  multiplying  the  initial  stiffness  of  an  individual  spring  with  the  area  density  of 
springs  in  films  with  different  seed  spacing.  The  number  of  springs  included  in  the  compression 
test  areas  was  -9070  for  900  nm  seed  spacing  films  and  -3265  for  1500  nm  seed  spacing. 
Furthermore,  based  on  geometric  considerations,  the  pressure  required  to  achieve  contact 
between  neighboring  springs  in  a  film  was  estimated  from  SEM  images  as  4.9  MPa  for  films  of 
4-turn  coils  and  900  nm  seed  spacing,  4.7  MPa  for  films  of  4-turn  coils  and  1500  nm  seed 
spacing,  7.5  MPa  for  films  of  10-turn  coils  with  900  nm  seed  spacing.  Films  comprised  of  10- 
turn  coils  with  1500  nm  seed  spacing  had  no  intertwining,  Figure  3(d),  therefore,  were  prone  to 
titling  or  buckling.  Figure  38  shows  a  comparison  between  the  compressive  film  stiffness  of 
capped  and  uncapped  films  at  pressure  levels  0.5  MPa,  5  MPa,  and  10  MPa  vs.  the  film 
stiffness  estimated  using  the  measured  stiffness  of  individual  Si  springs  as  described  above. 
Notably,  the  estimated  compressive  stiffness  based  on  individual  spring  data  (red  bars  in  Figure 
38)  was  in  better  agreement  the  stiffness  of  capped  and  uncapped  Si  films  subjected  to  10  MPa 
pressure.  In  general  capped  Si  films  were  stiffer  and  in  better  agreement  with  single  spring 
calculations,  which  is  expected  since  springs  in  capped  films  approximated  fixed-fixed  boundary 
conditions,  which  was  also  the  case  for  individual  springs  tested  with  MEMS  devices.  It  is,  thus, 
possible  that  not  all  springs  in  a  film  transfer  load  and  a  pressure  as  high  as  10  MPa  is  required 
to  engage  all  springs  in  a  film. 
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Spring  Type 


□  Uncapped  Film  Compression  -  0.5  MPa  ■  Capped  Film  Compression  -  0.5  MPa 

■  Uncapped  Film  Compression  -  5  MPa  n  Capped  Film  Compression  -  5  MPa 

■  Uncapped  Film  Compression  -10  MPa  ■  Capped  Film  Compression  -10  MPa 

■  Spring  Compression 


Figure  38.  Comparison  of  the  compressive  stiffness  of  uncapped  and  capped  Si  films,  subjected  to  0.5  MPa,  5  MPa  and  10  MPa, 
with  the  estimated  film  stiffness  based  on  individual  spring  measurements  (red  bars). 
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IV.  FUTURE  PROSPECTS 


IV.1 .1 .  Improved  Analysis  and  Design  of  GLAD  Films 

Current  research  at  the  Pi’s  lab,  sponsored  by  a  recent  and  on-going  AFOSR  grant, 
focuses  on  understanding  how  the  deposition  parameters  of  the  GLAD  process  affect  the 
geometry  and  properties  of  individual  springs  and  their  films.  As  shown  in  Figure  39(left), 
unseeded  spring  growth  results  in  dense  springs  with  maximum  interpenetration.  As  discussed 
in  this  report,  although  very  dense,  these  films  were  more  compliant  than  their  seeded 
counterparts,  e.g.  Figure  39(right),  unseeded  films  allow  for  limited  customization  of  the 
compressive  and  shear  films  stiffness. 


Figure  39.  Left:  Unseeded  Si  spring  films.  Right:  Seeded  Si  springs  with  4  coil  turns. 


Figure  40  shows  a  comparison  of  the 
geometry  of  an  ideal  coil  and  springs  with  4 
and  10  turns  fabricated  for  the  purposes  of  this 
research  program:  the  results  obtained  in  this 
research  program  for  seeded,  Figures  40(b,c), 
provided  metrics  about  the  relevance  of 
springs  from  seeded  films  to  ideal  coils,  Figure 
40(a),  which  can  be  described  by  analytical 
models  or  finite  element  modeling.  This 
information  is  invaluable  in  the  design  of  spring 
films,  and  to  assess  the  importance  of  spring 
interactions  in  films  in  relation  to  the  effective 
film  compressive  and  shear  behavior. 

Important  consideration  in  fabrication  of  GLAD 
springs  that  approximate  ideal  coils  is  the 
growth  process  which  needs  to  be  taken  into 
account  in  the  design  of  compliant  interfaces 
comprised  of  nanosprings.  An  ongoing  AFOSR-sponsored  research  program  studies  the  details 
of  GLAD  process  for  the  fabrication  of  compliant  Cu  spring  films. 


(a) 


(b) 


(c) 


Figure  40.  (a)  Ideal  spring,  (b)  4-turn  seeded 
Si  spring,  (c)  10-turn  seeded  Si  spring. 
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IV.1 .2.  Multifunctional  Films  for  Energy  Storage 

Si  has  very  large  theoretical  Li+  capacity,  reaching  3,590  mAh/gr,  in  comparison  to 
widely  used  graphite  with  gravimetric  capacity  of  372  mAh/gr  [46].  However,  Si  exhibits  large 
volumetric  expansion  (up  to  300%)  upon  lithiation,  resulting  in  fragmentation  and  delamination 
of  thin  film  anodes  [47].  The  capacity  fade  of  an  anode  depends  on  the  thickness  of  a  thin  film, 
with  thicker  films  (microns  in  thickness)  exhibiting  reduced  capacity  after  a  smaller  number  of 
electrochemical  cycles  compared  to  thinner  films  (tens  to  hundreds  of  nanometers  in  thickness). 
While  a  reduction  in  film  thickness  can  avert  performance  degradation,  very  thin  anodes  are 
impractical  in  terms  of  total  capacity.  A  solution  could  be  provided  by  relatively  thick  anodes 
(tens  of  microns  in  thickness)  comprised  of  dense  arrays  of  nanostructures,  which,  due  to  their 
small  dimensions  are  not  prone  to  fracture  due  to  lithiation  [47]  while  can  also  lithiate  fast. 

Such  arrays  of  nanocolumns  have  been  developed  before  by  different  techniques  [48- 
50],  but  they  suffer  from  bending  if  both  ends  of  those  nanocolumns  are  fixed.  Unfortunately, 
this  bending  is  irreversible  upon  delithiation.  Nanostructures  that  expand  preferentially  in  the 
radial  direction,  such  as  springs,  could  provide  a  solution  to  this  issue.  This  architecture  for  a  Si 
anode  has  been  demonstrated  before  with  stable  electrochemical  cycling  for  more  than  100 
cycles  [19,20,51],  Helical  films  exhibited  better  performance  than  films  comprised  of  slanted 
columns  due  to  better  adhesion  to  the  substrate  and  higher  porosity  and  surface  area,  which 
accommodated  Li+  transport.  Prior  studies,  however,  did  not  investigate  the  dependence  of 
chemical  lithiation  on  the  geometrical  details  of  helical  nanostructures. 

Preliminary  data  were  obtained  in  the  course  of  this  research  program  that  demonstrated 
the  potential  of  films  comprised  of  Si  helical  structures.  Different  types  of  Si  nanoparticles  with 
various  geometries  were  subjected  in  the  past  to  in-situ  chemical  [52,53]  and  electrochemical 
[54,55]  lithiation;  following  the  procedures  in  these  references  we  performed  chemical  lithiation 
of  Si  nanosprings.  The  results  are  discussed  in  the  next  Section.  A  collaboration  with  a 
computational  group  with  expertise  in  electrochemical  studies  is  currently  in  place  aiming  at  a 
publication  in  the  first  half  of  2017. 


IV.1 .3.  In-Situ  Lithiation  of  Columnar  and  Helical  GLAD  Structures 

For  this  pilot  study,  Si  columns  were  fabricated  at  Micralyne  using  GLAD  with  the 
substrate  titled  at  85°  while  rotated  at  constant  speed  [11,12],  which  was  at  least  an  order  of 
magnitude  faster  than  the  rotation  speed  for  the  fabrication  of  the  spring  films  described  earlier 
in  this  report. 

Individual  Si  columns  and  springs  were  isolated  from  films  and  mounted  with  an 
adhesive  at  the  tip  of  a  probe.  The  test  structures  were  brought  to  contact  with  Li  metal  via  a 
nanomanipulator  inside  a  FIB  chamber.  The  surface  of  the  Li  metal  forms  Li20  after  short 
exposure  to  air.  Once  the  Si  columns  or  springs  were  in  contact  with  the  Li20  surface,  the 
electron-beam  was  focused  near  the  contact  point  causing  Li20  break-down  and  release  of 
elemental  Li  atoms  which  diffused  into  the  Si  columns  and  springs.  Li20  break-down  took  place 
for  electron  beam  intensities  larger  than  50  A/m2,  which  was  determined  experimentally,  in 
comparison  to  prior  reports  of  -100  A/m2  [52],  The  test  structures  were  subjected  to  pure 
chemical  lithiation,  which,  compared  to  electrochemical  lithiation,  does  not  involve  the 
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application  of  an  electrical  potential  between  the  anode  and  the  cathode  [56],  The  evolution  of 
the  geometry  of  the  Si  columns  and  springs  during  lithiation  was  monitored  at  regular  time 
intervals.  Figure  41  (a, b)  shows  two  examples  of  Si  columns  which  were  progressively  lithiated 
until  no  more  Li  was  possible  to  intercalate.  The  images  show  the  progression  in  wire  diameter 
change  during  lithiation,  with  evident  asymmetric  bending  that  was  not  relieved  upon  removal  of 
the  constrains  at  the  wire  ends.  Lateral  deformation  of  the  Si  nanocolumns  occurred  even  when 
the  probe  holding  the  Si  nanocolumn  in  Figure  41(b)  was  retreated  periodically  between  steps  of 
chemical  lithiation,  allowing  for  the  compressive  stress  to  be  intermittently  relieved. 


(b) 

Figure  41.  (a,b)  In-situ  chemical  lithiation  of  two  Si  columns  fabricated  via  GLAD. 


Similarly,  chemical  lithiation  was  conducted  inside  a  FIB  chamber  to  four  types  of  Si 
springs,  as  shown  in  Figures  42(a-d),  which  were  characterized  by  two  different  spring  pitches 
and  wire  diameters.  During  lithiation,  the  Si  springs  expanded  both  in  the  radial  and  the 
longitudinal  directions.  Very  limited  cracking  due  to  Li  atom  diffusion  was  evidenced  by  the 
single  crack  in  the  springs  shown  in  Figures  42(b,d),  which  were  the  spring  with  larger  wire 
diameters.  Current  research  efforts  focus  on  evaluating  the  volume  increase  in  chemically 
lithiated  columns  and  springs  and  relate  time  lapse  data  to  computational  modeling  results. 
Time  permitting,  mechanical  tests  will  be  conducted  with  Si  nanosprings  or  columns  to  assess 
their  mechanical  strength  and  stiffness  upon  chemical  lithiation,  in  comparison  to  the 
mechanical  measurements  on  pristine  Si  nanosprings  reported  in  this  Final  Progress  Report. 
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<d) 

Figure  42.  In-situ  chemical  lithiation  of  individual  Si  springs  from  films  with  (a)  4-turn  coils  and 
900  nm  seed  spacing,  (b)  4-turn  coils  and  1500  nm  seed  spacing,  (c)  10-turn  coils  and  900  nm 
seed  spacing,  and  (d)  10-turn  coils  and  1500  nm  seed  spacing. 
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